FIG. 1. divided into two compartments separated by double bulkhead doors; the air is exhausted by a vacuum pump and oxygen is supplied at numerous points to which oxygen masks can be connected; some decompression chambers can also be refrigerated and excessive ventilation can produce a draught.
Mobile decompression chambers are available for outlying stations.
CHANGE IN TEMPERATURE
During ascent the air becomes less dense and there may be insufficient oxygen in the inspired air to maintain efficiency or even life. A method of supplying oxygen is shown in fig. 2 , which is but a slight modification of the method used by Tissandier and his FIG. 2. companions in 1875 (Glaisher, 1875) . The temperature decreases about 20 C. for everv 1,000 feet ascended, thus, a jet of extremely cold oxygen may issue from the pipe stem mouthpiece and impinge on the teeth or mucous membranes; frost-bite of the cheek from this cause has been described, so that with this equipment cold might well be an important factor in the production of dental pain while flying.-Fortunately the-modern type of oxygen equipment includes a face mask so that the oxygen is dispersed before inhalation ( fig. 3 ). FIG. 3. These changes in temperature while flying may cause dental pain or have a deleterious effect on fillings. Armstrong and Huber in America observed in 1937 that temperatures of 0 to -50' C. had no effect on sound and filled extracted teeth. Freitag in Germany confirmed this work in 1942.
However, since both these observations concerned extracted teeth an& it was doubted whether there was any great change in tooth temperature while flying, it was considered advisable to measure the temperature of vital teeth under various conditions (Harvey, 1942 ).
An oxygen mask was fitted with six small copper constantan thermocouples; some of these couples were inserted into cavities prepared in vital teeth and sealed in with guttapercha, amalgam being used for one case. The current from the thermocouples was balanced by a secondary circuit conitrolled by a potential divider to give a null reading on the galvanometer. The reading of the potential divided was calibrated against known temperatures.
Under the varying conditions of (i) oral and nasal breathing, (ii) intermittent and constant oxygen flow, (iii) still air and a draught, (iv) with and without a heater element in the mask, tooth temperature at various positions in the mouth did not drop below .20 0 C.; pain only occurred when iced water reduced the tooth temperature to 120 C. These results are supported by the fact that men in the coldest aircraft or the most exposed positions are not those who complain most frequently of dent'al pain while flying.
Several workers have observed the temperature of extracted teeth during drilling and so the opportunity was taken of determining the temperature produced in a vital tooth while a large amalgam filling was being drilled out; unless suitable precautions are taken, the heat may be quite sufficient to cause a burn of the pulp, so that the heat produced while burring may be much more deleterious to the pulp than the cold conditions of flying. CHANGE IN GAS VOLUME Change in gas volume is the second condition occurring during ascent which may have a relation to dental .pain while flying.
It may be considered that the gases in the body will obey Boyle's law so that at a pressure of '/2 an atmosphere at 18,000 feet the original volume is doubled, it is quadrupled at 32,000 feet and six times its original volume at 42,000 feet ( fig. 4 ).
Gas in the root canal of a putrescent pulp will behave similarly and a radiograph of a case where this was probably the cause of pain while flying was shown.
It has-been reported (Stewart and MacIntosh, 1943 ) that apical areas might "flare up" and cause swelling at altitude and become painful-though how this can occur is not clear. The X-rays shown in- fig. 5 were taken in a decompression chamber at ground level (A) and 40,000 feet (B); there may possibly be.less peripheral definition of the area at altitude-though this may be due to the slight variation in the angulation of the patient. This man had no pain at altitude. Cases have been seen, however, where an apical infection has developed into an acute abscess after decompression. It has been suggested (Joseph, Gell, Carr, Shelesnyak, 1943 , and others) that dental pain while flying may be caused in a filled tooth by the expansion of air entrapped while inserting the filling, so that pressure is exerted on the pulp via the dentinal tubules.
Section of Odontology
It was considered most unlikely that any significant volume of air was trapped while inserting the cement and amalgam or silicate or inlay, although there is no denying that pressure, even with cotton-wool, on a nearly exposed pulp can cause pain. But in order to disprove this theory, a deep occlusal inlay cavity was cut in a sound instanding upper premolar which was to be extracted to prevent the subsequent development of parodontal trouble. The radiograph in lower left hand corner of fig. 6 shows a copper wire inserted into a cornu of the pulp of the extracted tooth. Pain could not be elicited by pressure with an instrument in the cavity. The inlay was cast and a hole drilled through the centre; a copper capillary tube was inserted through the hole and soldered in position. One millimetre was stoned off the base; of the inlay and tube so that a large space remained between the inlay and floor of the cavity when the inlay was carefully cemented in. The capillary tubing was connected to a sphygmomanometer and the pressure was increased to 300 mm. of mercury; five minutes later the patient noticed a throbbing pain which was relieved by reducing the pressure; thus a maintained pressure of 300 mm. of mercury in a sound cavity can produce pain. The sphygmomanometer was removed and the copper tube sealed so that a relatively large volume of air remained in communi- 
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cation with the dentinal tubules. The patient was then decompressed to 25,000 feet for ten minutes and no pain was experienced; the change in pressure from ground level to 25,000 feet is 478 mm. of mercury.
It may be concluded that air under fillings is not a likely cause of,dental pain while flying.
During ascent the air in the middle ear expands and escapes through the Eustachian tube, without usually causing any discomfort; during descent air has to be introduced into the middle ear to equalize the increasing pressure on the drum, and swallowing, Valsalva's manceuvre (blowing with nose and mouth closed), jaw movement or a combination of these methods may be used to assist the pasgage of air up the tubes.
During descent from 30,000 feet to 20,000 feet there is an increase in pressure of 2-3 lb. per square inch, but since air becomes denser during descent there is an increase of 4-3 lb. per square inch from 12,000 feet to 2,000 feet so this pain in ears or otitic barotrauma is much commoner while diving at the lower altitudes-(McGibbon, 1942a and b).
Much has been written in the last twenty years concerning the relation of the occlusion to impaired hearing in middle life. Willhelmy in 1936, Lowry in 1939 and Brickman and  Bierman in 1943 state that overclosure of the mandible in aircrew age-groups is an important predisposing cause of otitic barotrauma or pain in the ears while flying. Beneficial results were said to follow opening the bite and repositioning the mandible. Unfortunately these reports contained no references to the otorhinolaryngological condition or to the history of the cases treated.
Through the courtesy and co-operation of the Consultant in Otorhinolaryngology to the Royal Air Force, Air Commodore Dickson, and his Staff, an investigation has recently been concluded into the dental aspects of otitic barotrauma. There were 50 cases of acute otitic barotrauma while decompressing 690 men; these men were dentally inspected together with an equal number of men who were decompressed but had no pain in their ears, and the results are shown in Table I (Dickson, McGibbon, Harvey, Turner, 1943) . Assuming that the two groups are representative of cases and controls, the percentage of 690 cadets who developed acute otitic barotrauma are: with normal occlusion=5-6%; with malocclusion=7-5%.
It will be seen that there is no significant difference between the failures and the controls. During the decompression tests on 1,000 men there were only 89 cases which developed symptoms in their ears. When decompressed three times there were only 7 men out of these 89 who had pain on each occasion; of these 7 men there were only 3 men (i.e. 3 out of 1,000) whose otorhinolaryngological histQry offered no possible contributory factors, and in one of these men malocclusion may have been a factor-he had an Angle Class 2, division 1 type of occlusion.
Seven men were chosen who had failed on two or more occasions in the decompression chamber and who had overclosure of the mandible. Small softened composition blocks on a palatal arch wire were inserted in the mouth so that there was an open bite of 0 5 cm. in the incisor region (this opening was greater than that used in many of the cases reported in the literature). X-rays of left and right temporomandibular joints were taken with thoe teeth in centric occlusion, with the blocks in position and with the jaws fully opened. The men were decompressed again with the blocks in position and only 3 of the 7 had no pain-and all of these 3 had had colds on previous tests. The man who had the worst overclosure had no pain but he had passed on one previous occasion without the blocks in position! The X-rays are shown in fig. 7 of one man who failed on two tests, passed on the 1w wk . . . w . .
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third, but failed on the fourth test with the blocks in position; his occlusion was Angle Class 2, division ,.
It is concluded then that overclosuire of the mandible may be a factor in preventing successful ventilation of the middle ear, but it is a very rare cause. The blocks seriously interfered with intercommunication and some cases found it diffiCuIlt to swallow with the bite opened.
GA~S IN SOLUTION
The third change due to altitude, which may have a dental significance, is that affecting gas in solution.
In soda water carbon dioxide is present under pressure in solution, so that when the tap is pressed and the pressure is reduced the dissolved gas in the released liquid is no longer held in solution and bubbles begin to form.
Normally the blood and tissues at ground level are saturated with nitrogen so that when the pressure is reduced during ascent, there may come a time when the nitrogen is no longer held in solution and bubbles appear in the tissues and the blood. Fig. 8 is a picture of bubbles in the veins of an animal after decompression-they would of course be much larger at altitude. Bubbles may also be found in end arteries, resulting in an area of ischaemia beyond the bubble (Armstrong, 1939) . Similar effects may occur while divers are being decompressed or brought to the surface and may cause various symptoms such as pain in the limbs or paralysis-known as "bends". Fig. 9 is an X-ray of a patient who had been a deep sea diver and had been endentulous FIG. 9. for many years; suppuration started spontaneously in the mandible and lasted for about a year until the sequestrum was removed. Recovery was uneventful, and he has passed his medical test for further deep sea diving! (Eckhoff, 1943 .) Caisson disease has been described as causing an aseptic necrosis of the humeri (Swain, 1942) and this may be a case of caisson disease or "bends" of the jaw. Fortunately such delayed effects are unknown in airmen and the results of decompression sickness have usually disappeared before ground level is reached. Although proof is extremely difficult to produce, the author knows of no reason why teeth should not be subject to the same changes due to altitude as the rest of the body.
VASCULAR CHANGE
There have been various references (Kniseley, 1943, and others) to a fourth effect of altitude on the body-a vascular change. In order to study this in dental tissues, 23 men of several age-groups were selected who were to have teeth extracted which were sound, but out of alignment, and whicb were to be extracted for parodontal reasons.
Under local anaesthesia, control teeth were removed at ground level, and using a modified nasal oxygen mask, teeth were removed, using novocain epinephrine again at varying altitudes up to 40,000 feet; the apices were removed and the teeth were placed in 10% formol saline at altitude.
Photomicrographs are shown in fig. 10 The patient was aged 24 and had no symptoms of anoxia. He showed signs of interest rather than apprehension. (A similar series of photomicrographs were shown of a canine extracted at ground level compared with an incisor extracted at altitude.)
The changes in the capillaries of the nail-bed occurring at ground level and altitude are suggestive but not conclusive-cine photomicrographs or a continuous record of any volume changes are really necessary.
The photomicrographs in fig. show the skin capillaries at ground level (A) and after half an hour at 35,000 feet (B). The skin was kept at constant temperature throughout the experiment.
Inflammation of the pulp may be insufficient to cause symptoms unless certain provocative conditions occur; the pain which occurs when a patient lies down in bed is probably due to the change in local pressure which occurs with the recumbent position and the peripheral vasodilatation which is said to occur prior to sleep acting on what was a subclinical pulpitis. Then there is the story of the lady who confessed that she had toothache only when a particular nephew kissed her! Emotion can cause a marked vasodilatation and if there is a pre-existing inflammation in a tissue enclosed by rigid walls, then the stage is set for the production of pain. It has been shown (Manley, 1943) that when a cavity is cut without the use of local anaesthesia, with due regard to the limitation of heat, treated with recourse to no drugs whose worth is not known scientifically by inward and histological rather than traditionally by outward and apparent signs, and then filled with zinc oxide and eugenol, there is but a minimal reaction of injury in the pulp.
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If, however, a cavity is similarly prepared and the cut tubules are not occluded by secondary dentine and the cavity is filled with any oxyphosphate or silicate cement, there is a vascular and cellular reaction in the pulp due to the irritant action of the cement.
During the investigation previously mentioned into otitic barotrauma, while decompressing 1,000 men there were 13 Cases of dental pain; 8 of these cases had had fillings inserted on an average of less than six weeks previously. Not all these cases were treated in the stress of wartime Service dentistry-some men were treated in the calm of private practice.
The vasodilatation occurring at altitude in addition to an existing local inflammatory reaction was sufficient to cause pain. There are many other causes of a mild pulpitis such as caries, a leaking filling, burns of the pulp due to burring, the use in the cavity of drugs which are caustic or tissue poisons, and the acidity of dental cements. Irritant drugs, overheating, and damag;,due to the acidity of oxyphosphate and silicate cements are important factors because they can be avoided.
Dental cements roughly consist of a liquid containing 50% phosphoric acid with 10% aluminium and/or zinc salts as modifiers and a powder which is largely zinc and magnesium oxides, or silica with alumina, lime and a flux in the case of silicate cements, or mixtures of these two types; copper or complex germicides may be added. When the cement is mixed very acid primary phosphates are formed and later the tertiary phosphates are formed when the cement has set; silicate cements set with formation of a complex silicic acid gel.
The acidity of a solution may be assessed by the hydrogen ion concentration or pH, which can be measured very accurately electrically by a glass or hydrogen electrode pH 473meter or by using indicators whose colours change over varying pH ranges. A pH above 7 is alkaline and below 7 is acid.
Using a glass electrode pH meter the acidity of 92 oxyphosphate and silicate cements was found to be below pH 2 at the time of insertion into the cavity (Harvey, Le Brocq and Rakowski, 1943) ; it should be noted that formic acid of this pH is used in some histological techniques to decalcify teeth.
A lining of zinc oxide with eugenol or clove oil gives complete protection against these acid cements. The~addition of zinc acetate as a hastening agent to these mixtures has been undergoing Service trials for the past six months.
CENTRIFUGAL FORCE
The fifth effect of flying on the body which may produce dental symptoms is centrifugal force.
Centrifugal force is proportional to the square of the velocity and inversely proportional to the radius and is measured in units of gravity or G-thus the same G may be produced by a tight turn at a slow speed or a wide turn at a high speed.
Centrifugal force is obviously also a factor in looping and diving. During a loop the blood tends to pool in the abdomen and limbs so that vision or even consciousness may be temporarily impaired or lost because of the fall of bloodpressure locally due to positive G. If the pilot goes into a sudden steep dive blood will tend to pool in his head and instead of vision blacking out the pilot may redden out due to thb suffusion of the retina with blood caused by negative G, and this may produce conjunctival and other hiemorrhages.
WVhen level flight is resumed after experiencing positive G there may be a temporary surge of blood to the head causing a pressure above normal. There are records of cases where dental pain occurred on going into and pulling out of a dive, and obviously all that has been said about an existing mild pulpitis applies here.
At 5G the blood may be as heavy as molten iron and a 12-stone man may weigh well over a third of a ton. Thus a full upper acrylic denture may weigh more than a quarter of a pound, and a large vulcanite denture more than half a pound when the pilot is exposed to a centrifugal force of 5G.
It is only just possible to raise one's arm at 5G and the facial features are dragged down as shown in fig. 12B . A colleague of the author's was asked early in the war by a pilot to make a denture which would stay put in a dive! A series of ractiographs were then shown of cases of dental pain which occurred while flying or in a decompression chamber. These cases were selected from centralized reports of pain occurring in men enigaged in all types of flying, and included cases of impacted teeth, primary caries, recently filled teeth (lined and unlined), a dental cyst, chronic apical abscesses and root-filled teeth.
The author wishes to pay tribute to Air Marshal Sir Harold Whittingham-the Director General of Medical Services, Air Commodore Ballantyne-the Director of Denital Services and Dr. Matthews, Head of the R.A.F. Physiology Laboratory, for providing every possible facility for this work.
(This paper was illustrated wPith 38 slides.)
Mr. E. B. Manley: My first duty is to congratulate S/Ldr. Warren Harvey on the excellence of his paper. A new field of research has been investigated with a thoroughness which could have been achieved only by a tremendous amount of hard and patient work.
Many suggestions have been put forward concerning the cause of dental pain while flying. Not only have the likely causes been investigated scientifically but also those suggested but unlikely causes, so subtly attractive but which always tend to fog the issue in such a field unless they are eliminated.
Further information concerning otitic barotrauma would be welcome. I am familiar with pain in the temporo-mandibular joint through overclosure only as a prosthetic problem. Concerning the relation of occlusion to impaired hearing the preponderance of abnormal occlusion which exists to-day would suggest that if this were a possible cause then deafness would be far more obviously widespread. Deafness frequently follows a cold in the head. This is a catarrhal condition and not due to overclosure, and I would like to ask S/Ldr. Harvey whether long-term histories of ear, nose and throat conditions were taken into account in the cases which came under consideration.
The vascular changes which occur in the pulp at high altitude are very significant and are directly related to the question of the acidity of dental cements and the lesions in the pulp which they are known to be capable of producing.
At high altitude the vasodilatation superimposed on any localized inflammatory area which at ground level might be insufficient to produce clinical symPtoms would almost certainly become sufficiently intense as to produce pain.
The importance of this question of acidity and pulp irritation is that it is in our power to prevent it. The high acidity of dental cements at the time of insertion into the cavity has been established beyond doubt in an investigation carried out by S/Ldr. Harvey, F/Lt. Rakowski and L. F. Le Brocq. An unpublished report shows that 90 of the cements tested had a pH value of less than 2.
To sum up it seems clear that any localized area of inflammation which at ground level may be insufficient to produce clinical symptoms, may be increased in severity at high altitudes and pain result. May not this, then, be a tremendous factor in post-war development of civil aviation?
The work of S/Ldr. Harvey is therefore of great practical importance and he is to be congratulated on the results so far obtained. S/Ldr. Harvey in reply agreed with Mr. Manley's emDhasis on the danger of overheating while drilling. He knew that Mr. Manley used a handpiece geared down ten times and that the Secretary (Mr. George Friend) used diamond burs cutting under a water jet.
He agreed that perfect occlusion was very rare and probably the incidence was less than 1%-even in the R.A.F.! Normal occlusion in the investigation into otitic barotrauma was taken to include the one or two perfect occlusions and those Angle Class 1 cases where extractions had not been followed by drift of adjacent teeth.
Otorhinolaryngological history was obviously extremely important, in the above investigation only three men had a negative "O.R.L." history out of 87 men who developed acute otitic barotrauma while decompressing 1,000 men.
The temporomandibular joint X-rays were taken on a Lysholm skull table with the tube rotated 30°and centred 2 in. behind and 2 in. above the external auditory meatus.
The motto of Shrewsbury School was "Intus si recte ne labora" and he felt that this was a most apt summing up of the position with regard to the pulp and the effects of aviation on it.
